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Abstract
For overlay cognitive radio networks (CRNs), transform domain communication system (TDCS) has
been proposed to support multiuser communications through spectrum bin nulling and frequency domain
spreading. In TDCS-based CRNs, each user is assigned a specific pseudorandom spreading sequence.
However, the existence of multiuser interference (MUI) has been seen one of main concerns, due to
the non-zero crosscorrelations between any pair of TDCS signals. In this paper, a novel framework of
TDCS-based CRNs with the joint design of sequences and modulation schemes is presented to realize
MUI avoidance. With the uncertainty of spectrum sensing results in CRNs, we first introduce a sequence
design through two-dimensional time-frequency synthesis and obtain a class of almost perfect sequences.
That is, periodic autocorrelation and crosscorrelations are identically zero for most circular shifts. These
correlation properties are further exploited in conjunction with a specially-designed cyclic code shift
keying in order to achieve the advantage of MUI avoidance. Numerical results demonstrate that the
MUI-free TDCS-based CRNs are considered as preferable candidates for decentralized CRNs against
the near-far problem.
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I. INTRODUCTION
Due to the scarcity of available spectrum, cognitive radio (CR) is considered to be a promising
paradigm to provide the capability of using or sharing the spectrum in an opportunistic manner
[1]. Multicarrier modulations are preferable candidates for realizing CR applications in which
arbitrarily selected subcarriers are disabled to avoid using the occupied spectrum bands [2].
Following a general analytic framework that is spectrally modulated and spectrally encoded
[3][4], various multicarrier waveforms can be generated based on CR user needs, e.g., orthogonal
frequency division multiplex (OFDM) and multicarrier code division multiple access (MC-
CDMA) [5]. As another type of overlay CR, transform domain communication system (TDCS)
has been proposed to support reliable communications with low spectral density through spectrum
bin nulling and frequency domain spreading [6]-[9]. Hence, the TDCS becomes attractive as a
smart anti-jammer transmission scheme when some available spectrum bands are occupied by
intentional jammers [10].
To achieve multiple access capability, CR networks (CRNs) share all available resources
by the different protocols, e.g., time division multiple access or orthogonal frequency division
multiple access [11]. If the code dimension is interpreted as a part of the spectrum space, new
opportunities for spectrum usage can be created at a given time based on spectrum spreading
[12]. Since secondary users in CRNs have to identify the presence of primary users and vacate
the occupied spectrum bands immediately whenever primary users are active, the spectrum
opportunity in this manner naturally results in the uncertainty of spectrum utilization pattern.
Under such CR constraints, those existing spreading schemes, e.g., MC-CDMA, are with random-
spreading. Importantly, the (quasi-)orthogonality of spreading codes, e.g., Walsh-Hadamard [13],
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and Zadoff-Chu [14][15], is destroyed [16]. In contrast, when the entire spectrum band is
available, multiple users in those schemes are assigned unique and orthogonal spreading codes.
Similarly in traditional TDCS-based CRNs, when each user is assigned a specific pseudo-
random polyphase sequence [17], multiuser interference (MUI) becomes a main factor of bit
error rate (BER) performance degradation due to the non-zero crosscorrelations between any
pair of TDCS signals. This is especially true in decentralized wireless networks in which the
phenomenon known as near-far effect has been seen to disrupt communications.
With the uncertainty of spectrum utilization pattern in CRNs, a novel framework of TDCS-
based CRNs is presented in this paper to achieve MUI avoidance from the viewpoint of sequence
design. Instead of only frequency spreading used in traditional schemes, we first introduce a
sequence design through two-dimensional time-frequency synthesis. It is shown that if two short
sequences are carefully chosen, a class of almost perfect Kronecker sequences is obtained. That is,
periodic autocorrelation and crosscorrelation functions (ACF/CCF) are identically zero for most
circular shifts. Importantly, such correlation properties are always guaranteed for any spectrum
utilization pattern in CRNs. In addition, since the periodic CCF between any pair of TDCS
signals is highly dependent on cyclic code shift keying (CCSK), sufficient attention should be
paid for the joint design of almost perfect sequences and modulation schemes. Accordingly, a
specially-designed CCSK over a limited shift range is addressed in order to guarantee the mutual
orthogonality of TDCS signals for the advantage of MUI avoidance.
This paper is organized as follows. Section II reviews TDCS multiple access applications
in order to briefly explain the disadvantages of traditional TDCS-based CRNs. Section III
first presents the sequence design through two-dimensional time-frequency synthesis. Then, a
specially-designed CCSK is addressed to guarantee the mutual orthogonality of TDCS signals for
the advantage of MUI avoidance. In Section IV, multiuser capability and aggregated throughput
are discussed respectively. Finally, simulation results are presented in Section V.
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II. OVERVIEW OF TDCS MULTIPLE ACCESS
In CR systems, the entire spectrum band is divided into N spectrum bins and a spectrum
marking vector, S = {S(0), S(1), · · · , S(N − 1)}, is used to indicate the status of spectrum
bins. For example, the value of S(k) is set to 1 (or 0) if the spectrum sensing output for the k-th
bin is smaller (or larger) than a given threshold. We assume the set of NC available spectrum
bins as ΩC , i.e.,
{
S(k) = 1, k ∈ ΩC
}
, and the same spectrum marking vector is obtained by the
spectrum sensing facilities on the receiver side.
On the TDCS transmitter side, a spectral vector, B, is obtained by the operation of element-
by-element multiplication, i.e., B = S · diag (P), where P =
{
ejm(0), ejm(1), · · · , ejm(N−1)
}
is a
pseudorandom polyphase sequence, and m(k), k ∈ {0, 1, · · · , N − 1}, is the phase shift for the
k-th bin. Then, a fundamental modulation waveform (FMW), b = {b(0), b(1), · · · , b(N − 1)},
is obtained by performing an N-point inverse fast Fourier transform (IFFT) operation on the
spectral vector, B, [10]
b(n) = λ
N−1∑
k=0
S(k)ejm(k)e
j2pikn
N = λ
∑
k∈ΩC
ejm(k)e
j2pikn
N , (1)
where λ =
√
N/NC is a normalization for the transmitted energy. When M-ary CCSK is adopted,
the transmitted signal, x, is obtained by shifting b cyclically to the left by τ ∈ {0, 1, · · · ,M − 1}
places,
x = {x(0), x(1), · · · , x(N − 1)} = 〈b〉τ , (2)
where 〈·〉N denote N-point cyclic shift.
On the TDCS receiver side, the received signal, r = {r(0), r(1), · · · , r(N − 1)}, is periodically
correlated with the replica of FMW to recover data symbols by detecting the correlation peak,
which can be performed by using the fast Fourier transform (FFT) to minimize the computational
complexity [18]. Since the information on τ is hidden in the background noise by spreading
over all available spectrum bins, TDCS signals have a low probability of being intercepted by
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unauthorized listeners. More detailed information on the transmission and reception of TDCSs
is available in [10].
Let us consider a U-user traditional TDCS-based CRN in which each user is assigned a specific
pseudorandom polyphase sequence to share available spectrum resources. A class of polyphase
sequences is given by [17]
P = {P1,P2, · · · ,PU}
Pi =
{
ejmi(0), · · · , ejmi(k), · · · , ejmi(N−1)
}
, (3)
where Pi denotes the pseudorandom sequence for the i-th user and ejmi(k) denotes the k-th
sequence element of Pi. Based on (1), a class of FMWs assigned to multiple users is given by
b = {b1,b2, · · · ,bU}
bi = {bi(0), bi(1), · · · , bi(N − 1)}
bi(n) = λ
∑
k∈ΩC
ejmi(k)e
j2pikn
N . (4)
From the previously reported results in [17], we have the periodic CCF between any pair of
FMWs (i, j) as follows,
ϕbi,bj (τ) =
N−1∑
n=0
bi(n)b
∗
j (mod(n + τ, N)) 6= 0, ∀τ, (5)
where (·)∗ denotes the complex conjugate and mod (x, y) denotes the remainder of x divided
by y.
Observed from (5), it is clear that the MUI always exists in traditional TDCS-based CRNs
due to the non-zero periodic crosscorrelations. Especially, the phenomenon known as near-far
effect in decentralized wireless networks, such as CR Ad-hoc wireless sensor networks, further
aggravates the MUI, leading to significant BER performance degradation. Therefore, the aim of
this paper is to discuss how to design TDCS-based CRNs with MUI avoidance.
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III. TDCS-BASED CRNS WITH MUI AVOIDANCE
In this paper, a novel framework of TDCS-based CRNs with the joint design of sequences and
modulation schemes is presented to realize MUI avoidance. With the uncertainty of spectrum
sensing results in CRNs, we first introduce a sequence design through two-dimensional time-
frequency synthesis and obtain a class of almost perfect sequences. Then, a specially-designed
modulation scheme is discussed in order to achieve the advantage of MUI avoidance.
A. Design of almost perfect FMWs
Let A = {a(0), a(1), · · · , a(L− 1)} be a polyphase sequence of length L having perfect
periodic ACF as follows, [14]
ϕA (τ) =
L−1∑
l=0
a(l)a∗(mod (l + τ , L)) =


L, (τ = 0)
0, (τ 6= 0)
. (6)
By taking the sequence, A, and the basis FMWs, b, from (4), we obtain a class of Kronecker
sequences, c, constructed through two-dimensional time-frequency synthesis as shown in Fig. 1,
c = {c1, c2, · · · , cU}
ci = {ci(0), ci(1), · · · , ci(LN − 1)}
ci(n) = a (l) bi (m) , (7)
for n = lN + m, 0 ≤ l ≤ L − 1, 0 ≤ m ≤ N − 1. According to the correlation property of
Kronecker sequences in [19], the periodic CCF ϕci,cj (τ) between two sequences ci and cj is
given by
ϕci,cj (τ) = ϕA (l)ψbi,bj (m) + ϕA (l + 1)ψbi,bj (m−N) , (8)
where τ = lN +m, 0 ≤ l ≤ L − 1, 0 ≤ m ≤ N − 1, and ψu,v (·) denotes the aperiodic CCF
between two sequences u and v of length N as
ψu,v (τ) =
N−1−τ∑
i=0
u (i) v∗ (i+ τ ), 0 ≤ τ < N.
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Substituting (6) into (8), we obtain the periodic CCF between two designed sequences ci and
cj as follows,
ϕci,cj (τ) =


Lψbi,bj (τ) , −N < τ < N
0, |τ | ≥ N
. (9)
Note that, the periodic ACF of the i-th designed sequence is ϕci,ci (τ).
One particularly valuable property of the designed sequences is that the periodic auto/cross
correlation functions are identically zero for (L− 2)N + 1 different values of τ , as shown in
Fig. 2. Importantly, the correlation property is independent on the basis FMWs. In other words,
it is always guaranteed for any spectrum utilization pattern in CRNs. In addition, even for
|τ | < N , both periodic ACF/CCF sidelobes are trivial compared to the periodic autocorrelation
mainlobe. Consequently, it is reasonable to consider the designed Kronecker sequences as a
class of almost perfect sequences under CR constraints. In the following contents, let us discuss
how to utilize the designed sequences in TDCS-based CRNs to achieve the advantage of MUI
avoidance. Especially, two scenarios of single-path and multipath fading channels are discussed,
respectively.
B. Design of modulation schemes in single-path fading channels
For U-user synchronous TDCS-based CRNs, each user chooses one of the designed sequences
in (7) as the FMW. When M-ary CCSK is adopted, the transmitted signal, xi, of the i-th user
is derived by shifting the i-th FMW, ci, cyclically to the left by τi ∈ {0, 1, · · · ,M − 1} places,
xi = {xi(0), xi(1), xi(2), · · · , xi(LN − 1)} = 〈ci〉τi . (10)
When TDCS transmitted signals from different users pass through different single-path fading
channels, the received signal for the i-th user, ri = {ri(0), ri(1), · · · , ri(LN − 1)}, is expressed
as
ri =
U∑
j=1
γi,jxj + ni =
U∑
j=1
γi,j〈cj〉τj + ni, (11)
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where γi,j is the path gain between the i-th and j-th users and ni is the additive white Gaussian
noise (AWGN) vector. Following the receiving procedure of traditional TDCS, the received
signal, ri, is periodically correlated with the local reference FMW, ci, to obtain
ϕri,ci (τ) =
U∑
j=1
γi,jϕ〈cj〉τj ,ci (τ) + ϕni,ci (τ)
= γi,iϕ〈ci〉τi ,ci (τ)︸ ︷︷ ︸
ACF
+
U∑
j=1,j 6=i
γi,jϕ〈cj〉τj ,ci (τ)
︸ ︷︷ ︸
CCF
+ ϕni,ci (τ)︸ ︷︷ ︸
Noise
. (12)
The first item represents the periodic ACF of the i-th user’s FMW with the effects of the cyclic
shift τi and the path gain γi,i. Note that there is a desired periodic autocorrelation peak at τ = τi
corresponding to transmitted data symbols. The second item represents the periodic CCF between
the i-th user’s local reference FMW, ci, and the received signals from other users, {xj , j 6= i}.
Generally speaking, the second item means the MUI of the i-th user. The third item represents
the correlation output of AWGN vector.
From the correlation property of the designed sequences in (9), the interference from the j-th
user can be rewritten as follows,
γi,jϕ〈cj〉τj ,ci (τ) =


γi,jLψbj ,bi (τ − τj), −N + τj < τ < N + τj
0, otherwise.
. (13)
For the i-th user, the interference from the j-th user can be eliminated if and only if
τi 6∈ (−N + τj , N + τj) . (14)
By generalizing (14), the TDCS-based CRN with MUI avoidance can be achieved if and only
if,
τi 6∈
U⋃
j=1,i 6=j
(−N + τj , N + τj) , (15)
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for i = 1, 2, ..., U .
Recalling from the CCSK modulation scheme, the maximal shift range should be [0, LN − 1]
for the FMW of length LN . However, the shift range of MUI-free TDCS-based CRNs must
satisfy the constraints defined in (15), although the designed FMWs are also of length LN . In
this paper, the specially-designed CCSK over a limited shift range is termed as partial cyclic
code shift keying (P-CCSK).
C. Design of modulation schemes in multipath fading channels
Now we consider the design of modulation scheme in multipath fading channels, of which
the channel response can be modeled as a discrete-time finite impulse response denoted as hp,
where p ∈ {0, 1, · · · , Tmax}, and Tmax is the maximal channel order. Note here that the indexing
for calculating periodic correlation functions is based on the modulo operation on the sequence
length. This results in the circular operations that can be achieved in practice by introducing
cyclic prefix of appropriate length commonly seen in OFDM systems. For the TDCS transmitter
shown in Fig. 1, a cyclic prefix, which is a repetition of the last Tg ≥ Tmax samples in a data
block, is inserted at the beginning of each transmission data block.
We assume that all transmitted signals in multipath fading channels are same as that in single-
path fading channels given in (10). When passing through multipath fading channels, the received
signal of the i-th user after removing cyclic prefix is given by
ri =
U∑
j=1
Tmax∑
p=0
hi,jp 〈xj〉p + ni =
U∑
j=1
Tmax∑
p=0
hi,jp 〈cj〉τj+p + ni, (16)
where hi,jp is the p-th path gain between the i-th and j-th users. The received signal, ri, is
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periodically correlated with the local reference FMW, ci, to obtain
ϕri,ci (τ) =
U∑
j=1
Tmax∑
p=0
hi,jp ϕ〈cj〉τj+p,ci (τ) + ϕni,ci (τ)
=
Tmax∑
p=0
hi,ip ϕ〈ci〉τi+p,ci (τ)
︸ ︷︷ ︸
ACF
+
U∑
j=1,i 6=j
Tmax∑
p=0
hi,jp ϕ〈cj〉τj+p,ci (τ)
︸ ︷︷ ︸
CCF
+ ϕni,ci (τ)︸ ︷︷ ︸
Noise
. (17)
The first item represents the periodic ACF of the i-th user’s FMW with the effects of multipath
fading channels, while the second item represents the MUI from other users also with the effects
of multipath fading channels. Focusing on the first item, there are a few periodic autocorrelation
peaks in the range of [τi, τi+Tmax] corresponding to each path of the multipath fading channel.
Similarly with the scenario of single-path fading channels discussed above, the i-th user’s receiver
can avoid the interference from the j-th user if and only if
ϕ〈cj〉τj+p,ci (τ) = 0, p ∈ [0, Tmax], τ ∈ [τi, τi + Tmax]. (18)
Hence, we have
τi 6∈ (−N + τj − Tmax, N + τj + Tmax) . (19)
By generalizing (19), the TDCS-based CRN with MUI avoidance in multipath fading channels
can be achieved if and only if,
τi 6∈
U⋃
j=1,i 6=j
(−N + τj − Tmax, N + τj + Tmax) , (20)
for i = 1, 2, ..., U . By following the constraints in (20), (17) can be rewritten as
ϕri,ci (τi) =
Tmax∑
p=0
hi,ip ϕ〈ci〉τi+p,ci (τi)
︸ ︷︷ ︸
ACF
+ϕni,ci (τi)︸ ︷︷ ︸
Noise
. (21)
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Note that the scheme provides MUI-free transmission whenever the maximum delay spread
of the channel does not exceed the specified limit. Meanwhile, it converts the multiple access
problem over a multipath fading channel to a traditional single-user CDMA problem over a
multipath fading channel. As shown in Fig. 1, the maximal-ratio combining (MRC)-RAKE
receiver can be employed here to exploit channel diversity.
IV. FURTHER DISCUSSIONS
A. Multiuser capability
Multiuser capability plays an important role when measuring a specific network. For the sake
of simplicity in this paper, only the multiuser capability in single-path fading channels is derived
by following the constraints in (15), and that in multipath fading channels can be derived in the
same way under the constraints in (20).
Fig. 3 shows an example of the transmitted signals of MUI-free TDCS-based CRNs in which
each user adopts M-ary P-CCSK. For the first user, when the circular shift range is τ1 ∈
[N,N +M − 1], the MUI-prone region is [0, 2N +M − 1]. From the constraints in (15), the
second user chooses the neighboring M positions starting from 2N +M , and the circular shift
region is τ2 ∈ [2N +M, 2N + 2M − 1]. Similarly, the circular shift range for the i-th user is
τi ∈ [iN + (i− 1)M, i(N +M)− 1]. As a result, the maximal possible number of users, UMax,
is derived by
UMax = ⌊
LN
N +M
⌋, (22)
where ⌊p/N⌋ denotes the largest integer smaller than p/N . Table I lists the multiuser capability
of different parameter configurations. For any given L, a smaller value of M/N results in a
larger number of users. Meanwhile, the multiuser capability improves as L increases.
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TABLE I
MULTIUSER CAPABILITY OF MUI-FREE TDCS-BASED CRNS
M/N = 1/4 M/N = 1 M/N = 2
L = 8 6 4 2
L = 9 7 4 3
L = 12 9 6 4
L = 16 12 8 5
B. Aggregated throughput
Now we discuss the aggregated throughput of MUI-free TDCS-based CRNs. Since the order
of P-CCSK must be a power of 2, i.e., 2k for k = 1, 2, · · · , the maximal possible order of
P-CCSK for a given number of users, U , is derived from (22) as follows,
Mmax = 2
⌊log2(
LN
U
−N)⌋, (23)
From [7], since the spectrum efficiency of each user is given by
ηmax =
log2(Mmax)
βLN
(bps/Hz), (24)
where β denotes the portion of available spectrum bins, the achievable aggregated throughput
can be expressed as
ηAgg = Uηmax =
U⌊log2(
LN
U
−N)⌋
βLN
(bps/Hz). (25)
According to the aggregated throughput shown in Fig. 4, the following remarks are relevant.
• Increasing the number of spectrum bins, N , results in the lower aggregated throughput.
Fig. 4 shows two groups of curves for N = 64 and 128, respectively. With the fixed values
of U and L in (25), it is easy to prove that ηAgg (N ;U, L) is a decreasing function of N .
• When the length of FMWs (spreading factor) is fixed, such as {L = 8, N = 128} and
{L = 16, N = 64}, the maximal possible number of users and the aggregated throughput
supported by MUI-free CRNs increase as N decreases.
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TABLE II
SYSTEM PARAMETERS FOR DIFFERENT RANDOM-SPREADING-BASED CRNS
Parameters MC-CDMA [5] Trad. TDCS [17] MUI-free TDCS
Spreading codes Zadoff-Chu Pseudorandom Almost perfect
Codes of length 1024 1024 1024 (L = 16, N = 64)
Orthogonality No No Yes
Modulation QPSK CCSK P-CCSK
Receiver MMSE-FDE MMSE-FDE Rake Receiver
Channels Single-path and Multipath fading channels
Spectrum utilization pattern Bandwidth: 10MHz, N/A bands: 2.5∼3.75 MHz and 6.25∼7.5 MHz
Consequently, the above observations provide a rule of thumb for MUI-free TDCS-based CRNs
to satisfy the requirement of desired number of users and aggregated throughput.
V. SIMULATION RESULTS
Performances of different random-spreading-based CRNs, i.e., MC-CDMA, traditional TDCS
and MUI-free TDCS, are demonstrated via simulations, and system parameters are shown in
Table II. In order to make a fair comparison, Zadoff-Chu sequences are used for MC-CDMA
systems since they produce significantly better average bit error probability than Walsh and Gold
sequences [13]. For MUI-free TDCS-based CRNs, the steps to generate a class of almost perfect
sequences are: 1) generating a class of basis FMWs according to the method introduced in [17],
where each one is of length N = 64, and 2) generating a class of almost perfect sequences
according to (7), where the quadriphase perfect sequence of length L = 16 is
A = {1, 1, 1, 1, 1, j,−1,−j, 1,−1, 1,−1, 1,−j,−1, j} .
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A. BER performance in single-path fading channels
Fig. 5 shows BER performance of different CRNs (U = 4). The MUI-free TDCS is partial
loading as the order of P-CCSK, M = N , is less than Mmax defined in (23). Owing to the
non-orthogonality of spreading sequences, the BER performance of MC-CDMA and traditional
TDCS is rapidly degraded when the near-far factor, NF , increases. In contrast, the MUI-free
TDCS is robust against the near-far problem. When U = 4 and NF = 10dB, the simulated BER
performance is nearly the same as that of the single-user case, which validates the capability of
MUI avoidance.
Fig. 6 shows the throughput per user versus the required Eb/N0 to achieve BER=10−4. In case
of full loading, each user of MUI-free TDCSs chooses the maximal possible modulation order to
maximize spectrum efficiency. For the traditional TDCS, the MUI dominates BER performance
and results in an error floor as the number of users, U , and the near-far factor, NF , increase,
e.g., the BER performance of traditional TDCSs cannot achieve 10−4 when U = 4, NF = 10dB
and U = 8, NF = {8, 10}dB. Meanwhile, it is interesting to note that, there is a performance
gap compared to the single-user case with the full loading. If Mmax-ary P-CCSK is adopted,
the limited shift range allows each transmitted signal of length LN carrying log2(Mmax) bits,
which is less than log2(LN) bits in the single-user case. This performance loss is not avoidable.
For example, the MUI-free TDCS with U = 4 and U = 8 suffer from 0.85dB and 1.35dB
performance loss in terms of Eb/N0.
B. BER performance versus near-far factors
Fig. 7 shows the effects of near-far factors and number of users on BER performance. In
this simulation, we consider the number of users, U = {4, 8}, and the near-far factors, NF =
{0, 2, 4, · · · , 16}dB. As U and NF increase, BER performance of traditional TDCSs degrades
rapidly, while that of MUI-free TDCS is hardly affected. For practical decentralized CRNs, such
as CR Ad-hoc wireless sensing network with significant near-far effect, the MUI-free TDCS can
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be considered as a preferable candidate when power control techniques cannot be used.
C. Spectrum sensing mismatch
According to IEEE 802.22 [20], channel uncertainties are likely to produce a mismatch
between the spectrum bins identified by the spectrum sensing results obtained by the transmitter
and receiver. To discuss the performance with imperfect spectrum sensing, we use the correlation
coefficient η to quantify the mismatch, as shown in [21][22].
Fig. 8 shows the BER performance of MUI-free TDCS with spectrum sensing mismatch.
With a small number of users, i.e., U = 4, each user achieves a BER performance similar to
that with perfect spectrum sensing, with only 0.15dB degradation in terms of Eb/N0 at BER =
10−3. However, with a larger number of users, i.e., U = 8, the BER performance is obviously
worse than that with perfect spectrum sensing. This is because the constraints in (15) for MUI
avoidance are no longer satisfied in the spectrum sensing mismatch scenario, and the residual
MUI degrades the BER performance.
D. BER performance in multipath fading channels
Now we discuss BER performance of different random-spreading-based CRNs in multipath
fading channels such as the COST207RAx6 channel [23]. In this simulation, the length 1/4
cyclic prefix is adopted to eliminate the effects of multipath fading channels, and minimal mean
square error frequency-domain equalization (MMSE-FDE) is considered for MC-CDMA and
traditional TDCS. As shown in Fig. 9, MC-CDMA and traditional TDCS still suffer the MUI
due to the non-zero periodic CCF between any pair of transmitted signals, while the MUI-free
TDCS achieves the same BER performance as that of the single-user case. In addition, the
MRC-RAKE receiver can effectively exploit the channel diversity of multipath fading channels.
This simulation verifies that, even in case of multipath fading channels, the MUI-free TDCS is
also an effective solution against the near-far problem and multiuser interference.
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VI. CONCLUSION
In this paper, a novel framework based on the joint designs of sequences and modulation
schemes is presented to realize the MUI-free TDCS-based CRNs. It is shown that, when the
spreading sequence of length N in the frequency domain and that of length L in the time domain
are carefully chosen, a class of almost perfect sequences is obtained through two-dimensional
time-frequency synthesis. That is, periodic ACF or CCF is identically zero for (L− 2)N + 1
different values of relative circular shift. Then, the specially-designed CCSK over a limited
shift range is introduced to achieve the advantage of MUI avoidance in both of single-path and
multipath fading channels. By analyzing the multiuser capability and aggregated throughput,
we provide a rule of thumb for MUI-free TDCS-based CRNs with a given number of users
and aggregated throughput. Simulation results demonstrate that the proposed scheme achieves
significant BER performance improvements compared to these existing random-spreading-based
CRNs. For practical decentralized CRNs, such as CR Ad-hoc wireless sensing network with
significant near-far effect, the MUI-free TDCS-based CRN is considered as a preferable candidate
when power control techniques cannot be used.
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